Introduction
Formation of highly stress-relaxed SiGe buffer layers on insulator (SGOI) is essential to establish the strained-Si CMOS technology. Oxidation-induced Ge condensation method using SiGe/Si on insulator structure is a promising technique to realize thin SGOI [1, 2] . However, stress-relaxation mechanism during Ge condensation process has not been clarified yet. In the present paper, stress-relaxation process has been investigated as a function of SGOI thickness. Moreover, a new method combined with H + irradiation, oxidation, and post-annealing is proposed to improve the stress-relaxation rate in ultra-thin SGOI.
Experimental Procedure
The Si (thickness: 7-30 nm)/Si 1-x ) and two-step annealed (500 o C for 30 min and 850 o C for 60 min) in N 2 . And then, the samples were oxidized (1100 o C). After oxidation, some samples were annealed at 1150-1200 o C in N 2 . The formed SGOI layers were characterized by Auger electron spectroscopy (AES), Raman spectroscopy, and transmission electron microscopy (TEM).
Results and Discussion
Oxidation characteristics for Si (30 nm)/Si 0.75 Ge 0.25 (55 nm)/SOI are shown in Fig. 1 . With increasing oxidation time, the Ge fraction slightly decreases and then increases. The relaxation rate increases and shows a peak (~100 %) at Ge fraction of ~30 %. After the peak, the relaxation rate decreases and increases again. To understand these phenomena, the concentration profiles at various oxidation stages ((a)-(d) in Fig. 1 ) were investigated. They are shown in Figs. 2. It is clearly shown that diffusion of Ge atoms realized the uniform Ge profile through the graded profile ( Fig. 2 (b)-(c) ). In these stages, the relaxation rate increases probably due to slippage of SGOI on BOX. After the stage (c), the relaxation rate decreases due to the rapid Ge condensation and then increases due to melting because of the high Ge concentration ( Fig. 2 (d) ).
To investigate the thickness dependence of the relaxation rate in SGOI layers, Si ( . Complete relaxation was obtained for thick SGOI layers (>80 nm). However, the relaxation rate abruptly decreases with decreasing thickness below 50 nm.
In order to understand the thickness dependence of the relaxation rate, two sample structures (Si (7 nm)/Si 0.93 Ge 0.07 (80 nm)/SOI, Si (30 nm)/Si 0.85 Ge 0.15 (55 nm)/SOI) were employed. The relaxation rate and thickness for the samples (Ge fraction: 30 %) obtained by oxidation are summarized in Table I . It is found that the relaxation rate for the thinner SGOI (19 nm) is smaller than that for the thicker SGOI (28 nm) in spite of the longer oxidation time. This clearly demonstrates that the relaxation rate decreases with decreasing final thickness of SGOI. This is a serious problem for realization of fully depleted strained Si devices.
In order to enhance the relaxation rate in ultra-thin (<50 nm) SGOI layers, we propose a new method combined with H + irradiation, oxidation, and post-annealing. They are schematically shown in Fig. 4 , where the 2-step annealing before oxidation is performed to remove irradiation induced defects and suppress irradiation-enhanced oxidation [2] . It is expected that modification of the SiGe/BOX interface by H + irradiation will enhance stress relaxation during oxidation, and additional relaxation is induced without changing Ge fraction by post-annealing.
Post-annealing effects (1150 and 1200 o C) on relaxation improvement in SGOI (thickness: 28 nm, Ge fraction: 30 %) are shown in Figs. 5 (a) and 5 (b), respectively. Before post-annealing, the high relaxation rate (60 %) was obtained only for high dose implanted samples (5x10 16 cm -2 ). TEM observation indicated high density defects (1x10 8 cm -2 ), which was attributed to defect generation. Post-annealing at 1150 o C did not cause any improvement (Fig. 5 (a) ). On the other hand, post-annealing at 1200 o C remarkably increases the stress-relaxation (Fig. 5 (b) ). High relaxation rate (~70 %) is obtained even for medium dose (5x10 15 cm -2 ) implanted samples, in which TEM observation confirmed the low defect density (8x10 6 cm -2 ).
Conclusions
The oxidation-induced Ge condensation process has been comprehensively studied as a function of SGOI thickness. It was found that relaxation rate in SGOI abruptly decreased with decreasing thickness below 50 nm. In order to enhance the relaxation rate in ultra-thin SGOI, the new technique combining with H + irradiation with medium dose and post-annealing has been developed. As a result, highly relaxed (75 %) ultra-thin (30 nm) SGOI with low defect density (8x10 6 cm -2 ) has been realized. This method can be 
